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Abstract This study presents the combined analysis of
leftover zirconium in irradiated fuel dissolution solution
through time. Thermo-ionisation mass spectrometry was
used to analyse the kinetics start and final aliquots with
uncertainties lower than 3%, while inductively coupled
plasma-mass spectrometry (ICP-MS) was used for inter-
mediary aliquots. In order to obtain low uncertainties using
ICP-MS, dissolution solutions were spiked with lutetium,
used as a process tracer, in order to perform a relative
analysis. The analytical parameters were optimised and
uncertainties were lower than 3% for real nuclear samples.
This method shows the input of ICP-MS for concentration
evolutions determination.
Keywords Zirconium  ICP-MS  TIMS  Relative
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Introduction
Zirconium is present at different stages of the nuclear fuel
cycle, as it is a component of the PWR fuel rod cladding
[1] and can also be found as a fission product [2]. In such
case its isotope composition is not natural. In the recycling
process, fuel rods are dissolved in concentrated nitric acid.
Depending on chemical conditions, zirconium tends to
precipitate through time in presence of molybdenum in
nitric acid [3–7].
When wanting to study Zr precipitation kinetics in nitric
acid, many samples are collected for analysis (at least
seven, along the course of the reaction). Some analytical
techniques are available directly in hot cells such as X-ray
Fluorescence (XRF) [8], but in order to determine the
zirconium isotope composition and concentration with
uncertainties lower than 3%, it is necessary to use either
thermo-ionisation mass spectrometry (TIMS) or multi
collection inductively coupled plasma mass spectrometry
(MC-ICP-MS) [9, 10]. The ATALANTE analyses labora-
tory (L2AT) only owns a nuclearized TIMS in a glove box,
needing important dilution factors because of the high level
of radiations the samples present.
The zirconium analysis method by TIMS for nuclear
samples was presented by Quemet et al. [10], and neces-
sitates to spike the samples in the shielded cell and perform
separations before being able to analyse them as after the
amount-of substance needed and the uncertainties required
are not compatible with important dilution factors. Here,
fourteen samples from two different kinetics experiments
were supposed to be aliquoted. The average duration for a
single sample analysis is 15 working days and even though
it can be mutualised, it is difficult to use only this method
to follow the Zr precipitation kinetics over its entire course.
It was necessary to propose a new analytical method not
necessitating TIMS analysis only.
This paper proposes a method using TIMS analyses of
the first and final samples of the kinetics and an ICP-MS
relative analyses for the kinetics core samples. Only four
samples are going to be analysed using the TIMS method,
all the other are going to be analysed using the ICP-MS
method developed here. Optimisation experiment and
development parameters are going to be explained and
results obtained on two different kinetics experiments be
presented.
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Experimental
Reagents
Nitric (wt = 67%, Prolabo, USA) and hydrofluoric
(wt = 67%, Prolabo, USA) acids were of Ultrapure Nor-
matom grade. Oxalic acid was purchased from Fluka
(USA). Lutetium, zirconium, molybdenum and ytterbium
in nitric acid standard solutions (1000 lg mL-1) were
purchased from SPEX (USA). Deionised water was pro-
vided by a MilliQ system (resistivity: 18.2 MX cm, Mil-
lipore, Milford, MA, USA).
Initial solutions consisted of 6.6 mol L-1 nitric acid,
prepared by diluting concentrated HNO3 in deionised water
volumetrically. Stabilisation solution consisted of
5 mol L-1 nitric acid prepared the same way.
ICP-MS dilution solution consisted of (2%/0.1%) (wt/wt)
HNO3/HF and were prepared by volumetric dilution in
deionised water. Samples were spiked with 10 lg L-1
ytterbium. ICP-MS rinse solution consisted of (10%/0.1%)
(wt/wt) HNO3/HF.
For TIMS analyses and upfront separation, 4 and
8 mol L-1 nitric acid solutions were prepared by diluting
high purity nitric acid (Merck, Suprapur) with deionised
water. For the separation protocol, an elution solution
consisted of (4 mol L-1/ 0.1 mol L-1) HNO3/H2C2O4
mixture. It was prepared by diluting nitric acid with
deionized water and by weighing dihydrated oxalic acid.
UTEVA resins (Triskem, USA, 100–150 lm particle
size in 2 mL prepackaged columns) were used in the sep-
aration protocol in order to obtain a pure zirconium
fraction.
Precipitation experiment
Dissolution solutions of irradiated UOx fuel were obtained
after heating for 30 min hulls at 85 C in initial solution
consisting of 6.6 mol L-1 nitric acid. Zr and Mo concen-
trations were approximatively 2 and 1 g L-1, respectively.
The solutions were heated under reflux over a few hours to
dissolve the fuel. Zr was then let precipitating as zirconium
molybdate for about 40 h. Aliquots were sampled on a
regular basis during the precipitation experiment. To stop
precipitation, samples were diluted and acidified in
5 mol L-1 HNO3 gravimetrically right after being col-
lected. Samples were stored in this matrix until being used.
This experiment was performed on two different initial
solutions (hereafter referred to as solution 1 and solution
2). Once the dissolution was complete, solutions are called
dissolution solution.
Solutions and samples preparation
Initial solutions were prepared gravimetrically in a gauged
flask, in order to validate density and consisted of
6.6 mol L-1 HNO3. In order to reduce uncertainties and
follow dilution factors for ICP-MS measurements, it was
spiked with 100 mg L-1 lutetium (hereafter referred to as
process internal standard). Indeed, it is time consuming to
weigh samples in a shielded cell, thus it was decided to
follow a process internal standard and perform volumetric
dilutions. It was verified lutetium has no influence on zir-
conium separation. Results for ICP-MS would be given
relatively to Lu.
For ICP-MS, an approximate (as Lu is present as process
internal standard) 5000-fold dilution was performed in a
shielded facility to reduce radiation level. Afterwards, a
100-fold dilution was performed in a glove box leading to a
500,000-fold dilution.
Tests were performed on non-interfered isotopes
using natural elements standard solutions beforehand:
90Zr and 98Mo.
However, for TIMS, such a dilution could not be per-
formed as the amount-of-substance would not have been
sufficient, thus a separation was necessary to remove iso-
bars as well as emitting elements. For TIMS analysis, a
separation step is required to obtain a pure Zr fraction in
order to eliminate all interfering elements (such as Mo). It
also helps decreasing the radiation level mainly due to
cesium and actinides present in the sample to obtain a
radiation level of the solution compatible with glove box
work. This separation was performed in shielded cell. It
was described entirely by Quemet et al. [10]. The sample,
previously diluted with 8 mol L-1 nitric acid and deion-
ized water in order to obtain a 4 mol L-1 nitric acid matrix,
was deposited onto the column. The column was then
washed with 4 mol L-1 HNO3 in order to eliminate all
interfering elements (the Zr is extracted on the column).
Zirconium was eluted with a HNO3/H2C2O4 mixture. After
the separation, the elution solution was transferred to the
TIMS analysis laboratory by pneumatic transfer. The elu-
tion solution was then evaporated and re-dissolved with
nitric acid in order to obtain a Zr concentration around
5 lg lL-1. Then, 1 lL of this solution was deposited onto
the filament for the isotope analysis.
For the sample isotope analysis, one separation was
performed in the shielded cell. Then, 3 independent isotope
analyses were performed by TIMS. Zirconium concentra-
tion determination was performed by isotope dilution. For
each concentration determination, 3 sample-tracer mixtures
were prepared gravimetrically with 200 lL of tracer (nat-
ural Zr SPEX solution at 1000 lg L-1) and 250 lL of
sample. The separation step was performed on the 3 mix-
tures before the isotope analysis.
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Instruments
The ICP-MS measurements were performed on an Elan
DRCe (PerkinElmer, USA) equipped with a glove box.
Plasma conditions were verified 30 min after start up and
optimised if needed. A Meinhard concentric nebuliser
was used with a low volume baffled cyclonic spray
chamber. To avoid any measurement delays or carry over,
uptake and rinse parameters were optimized (Table 1). In
order to obtain the lowest RSD possible and limit sample
consumption 60 replicates were performed. Samples were
analysed using peak hopping and integration time was set
to 50 ms amu-1. Ytterbium was used as an analytical
internal standard to monitor plasma variations. As Zr was a
fission product, its occurring isotopes are: 90, 91, 92, 93,
94, 95 and 96. 90Zr being interfered by 90Sr and 93Zr by
93Nb, isotope 92 and 94 were measured for the kinetics
experiments to avoid isobar interferences.
Description of filament loading techniques and details
on the TIMS Thermo Fischer Triton instrument (Waltham,
MA, United States) are given by Quemet et al. [10, 11].
Concentration analysis by isotope dilution was performed
with this developed method [10] while the isotope com-
position was determined using the classical method.
Zirconium concentration determination by isotope
dilution
The zirconium concentration determination was performed
using isotope dilution. The equation for the sample con-
centration determination is defined by Eq. 1.
Zr½ S ¼ Zr½ T
mT
mS
MS
MT
 ð90ÞTð91ÞS
 90=91
 
Mix
 91=90 
T
1  91=90
 
Mix
 90=91
 
S
ð1Þ
where T refers to the tracer used with the major isotope 90,
Mix refers to the sample-tracer mixture and S refers to the
sample; m are the masses involved in the mixture; M are
the atomic weights; (90) and (91) are the isotope abun-
dances of each major isotope; 90/91 and 91/90 are the
isotope ratios.
For ICP-MS analysis, the most important contribution to
uncertainties is the dilution factors. Here, the experiments
were performed in a shielded line and the analysis in a
glove box. Thus, the average dilution factor was 500,000-
fold. That is why the initial solution (*6 M HNO3) was
spiked with lutetium, in order to be able to compute a ratio
between intensities (Eq. 2). It would allow following the
evolution of concentration as Zr precipitates between t0 and
tf.
R ¼ ZrðcpsÞ
LuðcpsÞ ð2Þ
With Zr(cps): Zr intensity in count s-1; Lu(cps): lutetium
intensity in count s-1; R ratio
Uncertainties associated with such a ratio depend only
on the relative standard deviation (RSD) (Eq. 3):
UR ¼ 2  RSDðRÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
number of replicates
p ð3Þ
With R ratio; RSD ¼ r Xð ÞX X average intensity; UR expanded
uncertainties
The kinetics evolution D is expressed by Eq. 4:
D ¼ Xt0  Xtf
Xt0
ð4Þ
With D Zr evolution; X concentration for TIMS and ratio
for ICP-MS; t0 starting time; tf end time.
Uncertainties estimation for the evolution (D) follows
Eq. 5 for ICP-MS measurements:
UD ¼ 2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2tf
R4t0
 u2 Rt0ð Þ þ
1
R2t0
 u2 Rtfð Þ
s
ð5Þ
where U expanded uncertainty; u uncertainties; R ratio
Results and discussion
TIMS analysis in such a set up allows for low uncertainties,
however it is time consuming and not adapted for quick
kinetics analysis. Thus, only the first (t0) and final (tf)
samples were analysed this way. The kinetics core samples
were analysed by ICP-MS relatively to the process internal
standard put into the initial solution (Lu).
Table 1 Sampling parameters
Solution Time Flow rate
Sampling
Uptake Sample in (2%/0.01%) HNO3/HF 20 s 5 mL min
-1
Stabilisation Sample in (2%/0.01%) HNO3/HF 10 s 1 mL min
-1
Rinse (10%/0.01%) HNO3/HF 20 s 5 mL min
-1
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Optimisation of ICP-MS analytical parameters
For ICP-MS analysis of intermediary samples, the dilution
matrix is usually 2% HNO3 (wt). Natural Mo and Zr were
mixed at a concentration of 10 lg L-1. However, zirco-
nium shows lagging tendencies in presence of other ele-
ments in such medium (Fig. 1a). Solutions often contain
hydrofluoric acid or oxalic acid for ICP analysis [12–14].
Oxalic acid cannot be used where it can be avoided as it is
quite difficult to deal with as an analytical effluent in the
nuclear fuel cycle, so HF was chosen. Its concentration
being limited as well a 2%/0.01% HNO3/HF mixture was
used and found efficient to stabilize Zr (Fig. 1b). HNO3
concentration was increased up to 10% in the rinse solution
to avoid any carryover.
Figure 2 shows the evolution of the ratio uncertainty
URð Þ as the number of replicates increases for ICP-MS
measurements. Zr at 10 lg L-1 was mixed with Mo at
10 lg L-1 in a HNO3/HF solution. It leads to a lower
uncertainty as the number of replicates increases. It seems
that increasing the number of replicates further would lead
to a better uncertainty as the RSD would be lower but the
sample consumption would increase dramatically. Thus, a
total number of replicates was set to 60.
These optimised parameters were used to analyse the
aliquots sampled during the kinetics.
Kinetics
Two different dissolution solutions were analysed through
time. TIMS results and associated uncertainties are pre-
sented in Table 2. Concentration evolution (D) is about
20% in both cases. Uncertainties are lower than 3% on
each sample except for tf on solution 2 (3.4%). However,
they are higher than the one presented in the previous paper
[10]. Indeed, the first study was performed on an idealistic
case. Here, the sample was spiked gravimetrically on a
scale in a shielded cell which is less accurate than the one
the glove box where the TIMS analysis is performed. It
strongly affected the uncertainties estimations.
For solution 2, uncertainties for TIMS analyses are
slightly more important than the ones for solution 1 as
uncertainties are more important for this solution analyses.
Indeed, these solutions were stored a while longer than
solution 1. Despite the stabilisation step they may have not
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Fig. 2 Evolution of the ratio expanded uncertainty with the number
of replicates. [Zr] = 10 lg L-1 and [Mo] = 10 lg L-1 in the
dilution matrix
Table 2 Initial and final
sample concentrations by TIMS
Solution 1 D Solution 2 D
t0 1.258 ± 0.023 mg g
-1 (19.5 ± 2.2) % 1.299 ± 0.020 mg g-1 (18.2 ± 3.1) %
tf 1.013 ± 0.020 mg g
-1 1.063 ± 0.036 mg g-1
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been completely stable as it has been noticed in previous
unpublished studies.
As Zr isotope composition was not natural, 92 and 94
isotopes were measured by ICP-MS. Figure 3 shows the
ICP-MS results obtained. Uncertainties on each ratio is too
small to be seen on this plot (lower than 1%). Time has
been randomised for confidentiality purposes. Uncertain-
ties are below 2%. It is enough to consider each sample is
different from the one before it, making the differences of
kinetics shape significant.
ICP-MS results are in good agreement with the TIMS
ones regarding evolution (D). Zr concentration is reduced
by about D94R ¼ ð20:26  0:40Þ% and D92R ¼
20:33  0:41ð Þ% between the starting and the final kinetics
sample for solution 1, and D94R ¼ 15:98  0:14ð Þ% and
D92R ¼ 16:32  0:21ð Þ% for solution 2.
Uncertainties obtained by ICP-MS for evolutions are
2.0, 2.0, 0.85 and 1.26% respectively. They are signifi-
cantly lower than the one obtained by TIMS. This phe-
nomenon can be explained by the fact gravimetric spiking
does not have to be taken into account for ICP-MS
measurements.
Analytical management
It was chosen to differentiate the two analyses (i.e. initial
and final sample by TIMS, and evolution by ICP-MS), not
only because of time consumption but also because of
effluent and waste management. Table 3 shows the prac-
tical parameters obtained and the interest of not analysing
all samples by TIMS.
The method presented here is more cost-effective than
the one using only TIMS. Indeed, high level effluent gen-
eration was reduced by three quarter, some medium level
effluents were generated instead and working hours, in
shielded line especially, were reduced by half.
It is a quite important factor as high level effluents and
wastes are difficult to deal with, in regard of storage and
evacuation, work conditions in shielded line are more
strenuous than in glove boxes and performing experiments
in the latter should always be preferred whenever possible.
Table 3 Practical parameters
All sample by TIMS Presented technique
TIMS ICP-MS Total
Waste management
Generated effluents 840 mL HC 240 mL HC 360 mL GB 600 mL
Number of separations 42 HC 13 HC 0 13
Working hours
Separation 64 h HC 40 h HC 0 h 40 h
Sample weighing 7 h HC/GB 2 h HC/GB 0 h 2 h
Measurements and sample preparation 68 h GB 20 h GB 14 h GB 34 h
Total 139 h 76 h
GB glove box, HC hot cell
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Fig. 3 Ratio (Eq. 2) evolution through time for a solution 1 and
b solution 2
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Conclusions
Spiking sample at the beginning of the kinetics experiment
and analysing the sample either by TIMS or by ICP-MS
allows for low uncertainties and rapid analysis of zirco-
nium. As no other information than the measured isotope
intensity is necessary, computing a ratio by ICP-MS allows
for uncertainties lower than the one obtained by TIMS for
concentration evolution. Thus combining TIMS and ICP-
MS allows answering quantitatively when kinetics shapes
are required, giving the initial and final concentration and
the kinetics evolution with uncertainties lower than 3%.
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